In this paper we describe the rheological behaviour of Ca 2+ -induced cold-set gels of whey protein mixtures. Coldset gels are important applications for products with a low thermal stability. In previous work [1], we determined the state diagram for whey protein mixtures that were heated for 10 h at pH 2 at 80°C. Under these conditions, the major whey protein, b-lactoglobulin (b-lg), forms fibrils. When whey protein mixtures are heated at protein concentrations in the liquid solution regime of the state diagram, cold-set gels can be formed by adding Ca 2+ ions at pH 7. We studied the rheological behaviour of cold-set gels for various sample compositions for whey protein mixtures. When keeping the total whey protein concentration constant, the elastic modulus, G', for the cold-set gels decreased for increasing a-lactalbumin and bovine serum albumin ratios, because less material (blg fibrils) was available to form a gel network. In the cold-set gels the interactions between the b-lg fibrils induced by the calcium ions are dominant. The b-lg fibrils are forming the cold-set gel network and therefore determine the gel strength. a-Lactalbumin and bovine serum albumin are not incorporated in the stress-bearing structure of the gels.
INTRODUCTION
Whey proteins are widely used as food ingredients. Commercial whey protein ingredients, such as Whey Protein Isolates (WPIs), are by-products from, among others, cheese manufacturing. The most abundant whey protein is b-lactoglobulin (b-lg). It is a globular protein with a molecular mass of 18 400 g mol -1 , and a radius of about 2 nm [2] . The isoelectric point (pI) of the protein is pH 5.1 [3] . Besides b-lg, whey protein ingredients contain other globular whey proteins, such as a-lactalbumin (a-lac), and bovine serum albumin (BSA). In addition to their nutritional value, whey proteins can stabilize emulsions and foams, and form gels. In this regard, whey protein gelation is interesting because new structures and textures can provide food products with novel functionalities. The properties of globular protein gels depend on protein concentration, ionic strength, pH, and heating procedure [4, 5] . Two types of gelation can be distinguished: heatinduced gelation and cold-set gelation.
Heat-induced gelation takes place during heating of a protein solution. The network structure in a heat-induced globular protein gel is strongly dependent on the balance between attractive and repulsive forces, resulting from the net charge of the protein. The majority of gels obtained upon heating b-lg solutions can be classified in two categories. At pH values close to the isoelectric point and at high ionic strength, the electrostatic repulsion between molecules is low. Upon heating solutions under these conditions, large random aggregates are formed that will result in coarse opaque gels, if protein concentrations exceed the gelation concentration [2, 6 -12] . At pH values far from the isoelectric point and at low ionic strength, b-lg is highly charged [6] . Under such conditions and at protein concentrations above the critical gelation concentration, finestranded transparent gels are obtained upon heating [2, 5, 9, 13 -17] . Upon heating pure b-lg or whey protein mixtures at pH 2 and 80°C for prolonged heating times, fibrillar aggregates are formed, as was previously shown [1, 14] .
In a previous paper we studied the heatinduced gelation of whey protein mixtures [1] . The phase behaviour was determined for mixtures of whey proteins as a function of the ratio between the proteins, and the total protein concentration. After heating the samples for 10 h at pH 2 and 80°C the resulting states of the samples were plotted in state diagrams [1] . Clear strong gels were formed upon heating samples at total whey pro-tein concentrations above 6 wt %, independent of the composition of the samples, as long as sufficient b-lg (about 70 % of the total protein content) was present. The state diagrams were used to select the concentration regime where heated whey protein mixtures remain liquid after heating and subsequent cooling [1] . In this liquid solution regime of the state diagram, Ca 2+ -induced cold-set gelation can be performed [18] .
Cold-set gelation is an alternative to heatinduced gelation. It is particularly important for industrial applications that involve products with low thermal stability. In cold-set gelation, the proteins are first converted into aggregates during a heating step, mostly at neutral pH. At a protein concentration below the critical gelation concentration, these aggregates remain soluble and do not give rise to gelation upon cooling. By changing the solvent quality (e.g. by lowering the pH or by addition of salt), gelation can be induced at room temperature [19 -23] . Veerman et al. [18] developed a new multi-step Ca 2+ -induced coldset gelation process. In this new process, aggregates, in this case long linear fibrils, are formed upon heating a b-lg solution at pH 2 and low ionic strength. Solutions with these fibrils are cooled and the pH is subsequently adjusted to pH 7 or pH 8. Addition of CaCl 2 induces cross-linking of the fibrils. This multi-step process results in a gel network for b-lg at much lower concentrations compared to heat-induced gelation or the conventional cold-set gelation.
The objective of this paper was to study the rheological behaviour of gels, formed by Ca 2+induced cold-set gelation of whey protein mixtures. The minimal gelation concentration, based on the total protein concentration, was determined for various mixtures of whey proteins. We will show that the b-lg fibrils are the only species incorporated in the gel network and therefore determine the gel strength. Both a-lactalbumin and bovine serum albumin do not contribute to the strength of Ca 2+ -induced cold-set gels made from whey protein mixtures.
EXPERIMENTAL SECTION

SAMPLE PREPARATION
b-Lactoglobulin (b-lg) (product no. L0130) and bovine serum albumin (BSA) (product no. A4503) were obtained from Sigma. BioPURE -Alphalac-talbumin (a-lac) and BiPRO whey protein isolate were obtained from Davisco Foods International, Inc. (Le Sueur, MN). The BioPURE -Alphalactalbumin sample consisted of 78 % a-lac, 10 % blg, 7 % BSA, and 5 % immunoglobulins or glyco-macro peptides, as determined with HPLC (see section below for details). Pure a-lactalbumin (obtained from Sigma, L6010, lot. no. 78H7024) was also used, but only for experiments with pure samples and not mixed with other whey proteins. All the other chemicals used were of analytical grade.
The protein powders were dissolved in an HCl solution of pH 2. The protein solutions were subsequently adjusted to pH 2, using a 6 M HCl solution. The protein solutions were then centrifuged at 14 000 rpm (22 600 ¥ g) for 30 min using a Sorvall RC-5B refrigerated superspeed centrifuge. To remove any traces of undissolved protein, the supernatant was filtered through a protein filter (FD30/0.45 mm Ca-S from Schleicher & Schuell). The b-lg, a-lac, and BSA samples were repeatedly diluted with HCl solution of pH 2 and filtered through a 3 K filter in an Omegacell™ membrane stirred cell (Filtron Technology Corp.). The purpose of this filtration step was to remove traces of calcium ions and to obtain a solution with the same ionic strength and pH as the solvent. The WPI was dissolved at pH 2 and centrifugation and filtration was used to remove undissolved protein. This sample will be referred to as WPI or nonpurified WPI. We also investigated WPI samples that were subject to an additional purification step in which the whey protein aggregates were removed at a pH close to the isoelectric point (purified WPI). The removal of whey protein aggregates was done as described by Weinbreck et al. [24] . The WPI powder was dissolved and brought to pH 4.75, using a 6 M HCl solution. The WPI solution was centrifuged for 30 min at 22 600 ¥ g and subsequently filtered through 0.45 mm protein filters. The protein concentrations for b-lg, a-lac, BSA, WPI, and purified WPI, were determined using a UV spectrophotometer (Cary 50 Bio, Varian) and calibration curves of known protein concentrations at a wavelength of 278 nm.
HIGH-PERFORMANCE LIQUID CHROMA-TOGRAPHY (HPLC)
The composition of the whey protein samples was analyzed by HPLC, using a Shodex KW 803 column at a flow rate of 0.6 ml/min (eluent 60 % MilliQ water, 40 % acetonitrile, and 0.1 % trifluoroacetic acid), with detection at a wavelength of 220 nm. The samples were diluted with eluent containing 8 M urea, and filtered over 0.22 mm membranes. For data collection and calculation of the separate whey proteins in the samples, PC1000 software (Thermo Separation Products GmbH, Darmstadt, Germany) was used.
RHEOLOGICAL MEASUREMENTS
Cold-set gelation experiments were performed with the various whey protein samples, according to the new multi-step cold-set gelation method developed by Veerman et al. [18] . All samples were heated in sealed glass test tubes at a total protein concentration of 2.5 wt % at pH 2 for 10 h at 80°C. The samples were subsequently cooled to room temperature and the pH was adjusted to pH 7, using 1 M and 0.1 M NaOH. The protein solutions were put onto ice to cool to 0°C. CaCl 2 solution was carefully added up to a final concentration of 0.01 M. After the addition of CaCl 2 , the samples were thoroughly mixed and put into the rheometer geometry (at 3°C). A PAAR Physica MCR300 stress controlled rheometer with a concentric cylindrical geometry (CC10-Ti) was used to perform the rheological measurements. Several intervals were measured. In the first interval the sample was heated from 3 to 25°C at a rate of 1°C/min. In the next interval, the development of the elastic modulus, G', was monitored for 3 h at 25°C. The development of G' in time was measured at low strain (0.005 or 0.001) and a frequency of 1 Hz. The strain was tested to be low enough not to destroy the gel structure formed and to be in the linear regime. In the third interval a strain sweep was performed. The dependence of G' was measured as a function of the strain (frequency 1 Hz, temperature 25°C, strain 0.001 -1). From the linear regime of the strain sweep curves, G' was determined and used for calculating the critical percolation concentration, c p .
RESULTS AND DISCUSSION
SAMPLE COMPOSITION
The composition of the samples was obtained through HPLC analysis. The results are shown in Tab. 1. From Tab. 1 it is clear that the b-lg/a-lac samples also contained BSA and immunoglobulins or glyco-macro peptides (IgG/GMP). This was due to the composition of the a-lac sample that we used (see Section 2.1). The WPI sample had a different whey protein composition after purification than before purification. In the purification step, mainly BSA was removed. The BSA that was removed was most likely present in aggregates, which were precipitated at pH 4.75 and removed during centrifugation.
RHEOLOGICAL MEASUREMENTS
The state diagrams for whey protein mixtures as determined in [1] were used to select samples that were still in the liquid solution regime after heating at pH 2 and 80°C and subsequent cooling. For all samples used for Ca 2+ -induced coldgelation experiments, the total protein concentration was below 2.5 wt %. From the state diagrams [1] one can see that this is in the liquidlike regime for all samples. Veerman et al. [18] showed that addition of CaCl 2 up to a concentration of 0.01 M resulted in the lowest values for the critical percolation concentration. In this current study, G' also showed an optimum for the addition of CaCl 2 at 0.01 M (results not shown). Therefore all Ca 2+ -induced gelation experiments were performed at a CaCl 2 concentration of 0.01 M. Figure 1 shows the storage modulus, G', as a function of strain for Ca 2+ -induced cold-set gelation experiments with various total protein concentrations for samples with a b-lg/a-lac ratio of 90/10. A clear increase in gel strength was observed for increasing total protein concentrations. These measurements were performed for samples of varying protein composition. For all various sample compositions studied, this same trend was observed.
In Fig. 2 the graphs for G' as a function of the total protein concentration are given for the various whey protein samples. From the linear regime of the strain sweep curves (i.e. the regime where G' is independent of the strain), G' was determined. Fig. 2a shows the graphs for samples Figure 1 (left above) : G' versus strain for various total protein concentrations for mixtures with a b-lg/alac ratio of 90/10. The samples were heated at 2.5 wt % for 10 h at pH 2 and 80°C, subsequently cooled on ice to 0°C, after which the pH was adjusted to pH 7, the samples were diluted to the required total protein concentration, and 0.01 M CaCl 2 was added. The samples were allowed to gel for 3 h at 25°C before performing the strain sweep. with varying b-lg/a-lac ratios, Fig. 2b presents graphs for samples with varying b-lg/BSA ratios, and in Fig. 2c graphs for samples of pure b-lg, WPI, and purified WPI are shown. Again a clear increase in gel strength was observed for increasing total protein concentrations. Also a decrease in G' was observed for decreasing b-lg fractions while keeping the total protein concentration constant, indicating that b-lg is responsible for the gel network formed. From the rheological measurements on the Ca 2+ -induced cold gelation, the values for G' for the various whey protein samples were obtained as a function of the total protein concentration. To see the effect of the composition of the samples on G', the values for G' were plotted versus both the b-lg concentration and the 'BSA + a-lac' concentration, since these were directly linked with each other. The b-lg and 'BSA + a-lac' concentrations were calculated using the compositions of the samples as given in Tab. 1.
In Fig. 3 the graphs for the various samples are given as a function of the whey protein composition. Fig. 3a shows the results for samples with various b-lg/a-lac ratios, Fig. 3b for various b-lg/BSA ratios, and Fig. 3c for whey protein samples of various compositions. The values for G' are shown as the projections of the data points in space on the planes. The horizontal planes show the variation in composition of the samples for the various mixtures. The left vertical planes show G' as a function of the 'BSA + a-lac' concentration in the samples. From the graphs one can see that G' shows a smaller increase when the 'BSA + a-lac' concentration is increased than for the pure b-lg samples. This indicates that when part of the b-lg is replaced by a-lac or BSA, the gel network weakens. The right vertical planes show G' as a function of the b-lg concentration in the samples. When only taking the blg concentration that is present in the samples into account, it is clear that for the samples with varying whey protein compositions, the curves of G' versus protein concentration are superimposed. This is shown in Fig. 4 for samples with various b-lg/BSA ratios. The curves for G' as a function of the b-lg concentration coincide, while different amounts of BSA are present in the samples. This shows that when BSA is added to b-lg this has no additional effect on the gel strength. The same is seen for the other whey protein sam- ples (see the right vertical planes in Figs. 3a and  3c ). Therefore we can conclude that b-lg is dominant, and that a-lac and BSA do not contribute to the cold-set gel network. Under the conditions used in our experiments, a-lac and BSA do not form fibrils and form at most small aggregates [1] , whereas b-lg forms long fibrils upon heating at pH 2. In heated whey protein samples depletion interactions between the long b-lg fibrils can be induced by monomers or small aggregates. This can result in attractive interactions between b-lg fibrils, causing a decrease in the minimum gelation concentration of b-lg for heat-set gels at pH 2 [1] . The small a-lac and BSA aggregates apparently are too small to contribute to the Ca 2+ -induced cold-set gels at pH 7. The b-lg fibrils form the Ca 2+ -induced cold-set gel network and therefore determine the gel strength. The attractive depletion interactions that play a role in the heat-set gelation at pH 2 do not contribute as much in the cold-set gels as in the heat-set pH 2 gels. In the cold-set gels the interactions between the b-lg fibrils, induced by the calcium ions, are dominant. Therefore a lower G' is found when the a-lac or BSA concentration in the samples increases, and the total protein concentration is kept constant, because less material (b-lg fibrils) is available to form a gel network. A schematic representation of the Ca 2+ -induced cold-set gelation method for a mixture of whey proteins is shown in Fig. 5 .
From the values of G' obtained from the various concentration curves, the critical percolation concentration, c p , and the scaling component, t, were calculated. Here we define the minimal gelation concentration, based on the total protein concentration, as the critical percolation concentration, c p . The scaling relation that we used is G'( cc p ) t , where c is the concentration of monomers. Both c p and t were determined using the method described by Van der Linden and Sagis [25] . This method is a graphical method that uses plots of This solution is heated at a temperature above the denaturation temperature of the protein, and at a total protein concentration below the heatinduced gelation concentration. Under the conditions used b-lg fibrils are formed during heating. The fibril solution is cooled and the pH is adjusted from pH 2 to pH 7. Gelation is induced by addition of CaCl 2 . (G') 1/t versus c and extrapolates these plots to (G') 1/t = 0. In this procedure we make use of the fact that independent of the value of t the curves must all intersect the concentration axis at the same value. When the assumed value for t is close to the actual value, the plot will be linear. If t is too small or too large, the lines are curved. From the plots of (G') 1/t versus c for various t, we selected those t values that give an approximately straight line. From these plots, an average value of c p was determined. We plotted log G' versus log (cc p ), using the different values for c p obtained from the estimated t values. For each of the values for c p , we determined a new value for t and averaged these values. In Tab. 2 the calculated values for c p and t are shown. The c p values are all in a narrow range between 0.45 and 0.94 and do not show a systematic dependence on composition of the samples. This confirms that a-lac and BSA do not contribute to the gel network. For almost all samples the calculated values for t were between 1.8 and 2.0, which indicates isotropic force percolation. Isotropic force percolation assumes that nearest neighbours in the network interact through an isotropic force.
CONCLUSION
For the Ca 2+ -induced cold-set gelation, performed with whey protein samples in the liquid solution regime of the state diagram, the minimal gelation concentration, c p , was not affected by the addition of a-lac or BSA to b-lg (within the accuracy of the experiments). However, the G' for cold-set gels at equal total protein concentra- tions was found to decrease for increasing a-lac or BSA concentrations, because less material (blg fibrils) was available to form a gel network. The attractive depletion interactions that appear to play a role in the heat-set gelation at pH 2 do not contribute as much in the cold-set gels. In the cold-set gels the interactions between the b-lg fibrils, induced by the calcium ions, are dominant. The b-lg fibrils are forming the cold-set gel network and therefore determine the gel strength.
